Purpose: The purposes of this study were to evaluate the positive and negative predictive values of the BI-RADS } -MR descriptors of focal masses and to develop an interpretation model based on the kinetic and morphologic parameters.
Introduction
Magnetic resonance (MR) imaging of the breast has shown diagnostic sensitivity of 94 to 99z for invasive breast cancer, [1] [2] [3] [4] [5] whereas varying speciˆci-ty has been reported (37 to 86z). [1] [2] [3] [4] 6, 7 To improve speciˆcity, detailed assessment of lesion morphology using three-dimensional (3D) MR imaging and of kinetic patterns using dynamic protocols has been reported useful. 8 Several recent studies have reported diagnostic criteria combining the morphologic and kinetic characteristics. [9] [10] [11] The recently published``Breast Imaging Reporting and Data System } (BI-RADS } )'' 12 included thê rst edition of a lexicon of terms for breast MR. However, a standardized classiˆcation scheme for the interpretation of lesions does not exist. Our goals were to evaluate the positive and negative predictive values of the BI-RADS } -MR descriptors of focal masses and develop an interpretation model based on the kinetic and morphologic parameters.
Materials and Methods

Patients
We retrospectively reviewed 425 consecutive patients in two hospitals who had undergone breast MR imaging between July 2000 and February 2003. Inclusion criteria were: breast MR imaging conducted in a prone position, no administration of neoadjuvant chemotherapy, and diagnosis of focal breast masses established histologically. Excluded were 25 patients with breast carcinoma who had undergone MR imaging in the supine position 13 and one patient with a poorly enhancing mass (mucinous carcinoma).
A mass was deˆned as a 3D, space-occupying (of any size), enhancing lesion with convex borders. 12 In all, 155 consecutive patients (age range, 23 to 83 years; mean, 49 years) with 171 histopathologically diagnosed breast masses were selected for the study.
Magnetic resonance imaging
MR imaging was performed using a 1.5T system (Symphony; Siemens Medical Solutions, Erlangen, Germany; maximum gradientˆeld strength, 30 mT W m). All patients were examined in a prone position using a double CP breast array coil. A transverse, fat-suppressed, T2-weighted fast spinecho sequence was performed with: repetition time W echo time (TR W TE), 3500 W 78;ˆeld of view (FOV), 20 cm; matrix size, 256×256; and slice thickness, 5 mm with a 1 mm gap. T2-weighted imaging was performed on one side, and when lesions were bilateral, separate imaging was conducted for each side. T2*-weightedˆrst-pass perfusion images were obtained in the transverse plane before, during, and after bolus injection of 0.1 mmol Gd-DTPA W kg at a rate of 3 mL W s followed by a 20-mL saline ‰ush using an automatic injector. The T2*-weighted perfusion data were collected with a multisection echo-planar sequence (151 W 61; ‰ip angle [FA], 709 ; FOV, 25 cm; 5-mm section thickness; and 1.5-mm intersection gap).
A 3D fat-suppressed volumetric interpolated breath-hold examination (VIBE) sequence was obtained before and 60 s, 100 s, and 4 min after the start of the intravenous administration. The aŠected single breast was examined on theˆrst-and third-phase dynamic images acquired at 60 s and 4 min, respectively, and both breasts were examined on images obtained in the second phase at 100 s. If incidental suspicious enhancement was detected in the contralateral breast during the second phase, additional images of both breasts were obtained immediately during the subsequent third phase. For VIBE, the images were prepared mainly from the coronal cross section; but for the sake of uniformity with the perfusion images, transverse sections were also prepared for the third phase only. The parameters for the VIBE sequence of the single breast examination were: TR W TE, 3.7 W 1.7; FA, 259 ; FOV, 27 cm; matrix, 256×218; receiver bandwidth, 490 Hz W pixel; mean partition thickness, 1.2 mm; and time of acquisition, 35 s. Section thickness varied depending on the size of the breast and ranged from 1 to 1.5 mm without a gap.
Image interpretation
Two radiologists evaluated all cases retrospectively and arrived at a consensus; the radiologists were unaware of conventional imagingˆndings or the histopathological diagnosis.
The morphological parameters evaluated were lesion shape (round, oval, lobular, irregular); mass margin (smooth, irregular, spiculated); and pattern of internal enhancement (homogeneous, heterogeneous, rim enhancement, enhancing internal septations, central enhancement, dark internal septations). 12 In this study, the lesion shape W margin was also classiˆed into 3 categories: smooth (smooth W round, smooth W oval, smooth W lobulated); irregular (irregular margin or irregular shape); or spiculated (spiculated margin).
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Internal enhancement was classiˆed as homogeneous or heterogeneous, and the presence or absence of MR signs of the lesions, such as rim enhancement, enhancing internal septations, central enhancement, and dark internal septations, was also evaluated. In the cases showing positive rim enhancement, the pattern of internal enhancement was assessed after excluding the enhancing rim.
The lesion shape W margin was evaluated on the coronal images and transverse, sagittal multiplanar reformations (MPRs) acquired at 60 s (early phase) and 4 min (delayed phase). If the margin of the lesion became progressively more indistinct with time, the lesion shape W margin was evaluated in the early phase images. The decision on the pattern of internal enhancement was based on images obtained during both the early and delayed phases.
Kinetic enhancement patterns were assessed by visually comparing signal intensity on the dynamic images acquired at 60 s and 4 min using the same window and level settings. By deˆnition, any decline in signal intensity between 60 s and 4 min after injection of contrast material was considered a``washout'' enhancement pattern.``Plateau'' enhancement was considered to be stabilized enhancement without change in signal intensity between 60 s and 4 min.``Persistent'' enhancement was considered to be an increase in signal intensity throughout the dynamic period. Each lesion was characterized according to the strongest enhancement pattern visible over the entire lesion.
Statistical analysis
To analyze group diŠerences from dichotomous variables, chi-square and Fisher's exact tests were 
Results
Histological results
Histological examination demonstrated 126 malignant and 45 benign lesions. The histological types (20) 1 (20) 3 (60) 1 (20) 4 (80) 1 ( of carcinoma included ductal carcinoma in situ (n＝7), invasive ductal carcinoma (n＝99), invasive lobular carcinoma (n＝5), tubular carcinoma (n＝ 4), medullary carcinoma (n＝1), mucinous carcinoma (n＝6), invasive micropapillary carcinoma (n＝1), metaplastic carcinoma (n＝2), and malignant phyllodes tumor (n＝1). The 45 benign lesions included intraductal papilloma (n＝9), epithelial proliferation (n＝7),ˆbroadenoma (n＝25), phyllodes tumor (n＝3), and nipple adenoma (n ＝1). The average tumor size of the malignant lesions was 22.9 mm (range, 6 to 80 mm), and the average tumor size of the benign lesions was 11.9 mm (range, 3 to 75 mm).
Frequency of recognition of the BI-RADS } -MR descriptors Table 1 shows the frequencies of the morphological parameters and kinetic patterns. The most frequent morphologicalˆnding among the malignant lesions was heterogeneous internal enhancement in the delayed phase (96z; Pº0.001), followed by heterogeneous internal enhancement in the early phase (90z; Pº0.001); smooth margin or smooth shape W margin were the most frequentˆndings in benign lesions (80 to 82z; Pº0.001). Two lesions with a smooth margin were classiˆed into the irregular shape W margin group because of irregular shape, one aˆbroadenoma and the other an invasive lobular carcinoma.
Regarding kinetic enhancement, the most frequent pattern observed in the malignant lesions was a washout pattern (64z); on the other hand, 71z of the benign lesions exhibited a persistent pattern (Pº0.001). The features with the highest positive predictive value for carcinoma were spiculated margin (100z), delayed central enhancement (100z), delayed enhancing internal septations (97z), and irregular shape (97z). The features with the highest positive predictive value for benign lesions were oval shape (88z), homogeneous internal enhancement in the delayed phase (87z), and dark internal septations (86z). Table 2 shows the relationship between the histological characteristics and the frequencies of the various morphological and kinetic parameters. All 7 cases with ductal carcinoma in situ showed irregular shape W margin and nonpersistent kinetic pattern. Central enhancement was only observed in cases of invasive ductal carcinoma; all 6 cases showing central enhancement showed a washout pattern and delayed rim enhancement. Histologically, all lesions were characterized by the presence of large solid clusters of cancer cells with expansive growth forming distinct boundaries. Delayed rim enhancement correlated well with marginalˆbrosis, and pooling of contrast material following washout was explained by centralˆbrosis. Four of the 5 cases of invasive lobular carcinoma showed a non-washout pattern (80z). All 6 mucinous carcinomas showed non-spiculated margin, andˆve of the 6 lesions exhibited a persistent pattern (83z). One case of malignant phyllodes tumor exhibited smooth shapeW margin, dark internal septations, and washout pattern.
Relationship of histological to MR findings
Among the benign lesions, all the lesions showing washout pattern were intraductal papillomas. Four cases of intraductal papilloma also showed delayed rim enhancement (44z). Dark internal septations were observed in the cases ofˆbroadeno-ma and phyllodes tumor. All 3 phyllodes tumors showed smooth shape W margin, dark internal septations, and persistent pattern. Table 3 shows the positive and negative predictive values and accuracy of the combinations of the MR imaging parameters. The characteristics with the highest diagnostic accuracy for malignancy were spiculated margin (100z) and heterogeneous enhancement following washout in the smooth shape W margin group (100z). On the other hand, in the irregular shape W margin group, the feature with the highest positive predictive value for carcinoma was heterogeneous enhancement in the delayed phase (96z). Figure 1 illustrates the proposed interpretation model based on the results of this study. The histological diagnoses in the 2 false-positive lesions with heterogeneous enhancement in the irregular shape W margin group wereˆbroadenoma and intraductal papilloma. The remaining 3 false-positive lesions included oneˆbroadenoma and 2 intraductal papillomas; on the other hand, the false-negative lesion was histologically established to be a mucinous carcinoma. Sensitivity, speciˆcity, and positive and negative predictive values were 99z, 89z, 96z, and 98z, respectively.
Suggested interpretation model
Discussion
Breast MR imaging has emerged for several purposes: local staging before surgery, diŠerentiation between recurrence and surgical scar, search for primary carcinoma in patients with axillary adenopathy, evaluation of eŠect of chemotherapy, and screening of women at high risk. Although the recently published BI-RADS } includes theˆrst edition of a breast MR lexicon, 12 a standardized classiˆcation scheme for the interpretation of lesions does not exist. The lack of standardized 
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interpretation criteria has been ascribed to diŠer-ences in image acquisition protocols, from dynamic scanning 1, 3, 6, 7 to high spatial resolution MR imaging. [14] [15] [16] [17] [18] However, Orel and Schnall 5 predicted that images of both high spatial and high temporal resolution may ultimately come to dominate MR imaging protocols of the breast. Recently, the development of new MR imaging protocols of the breast has enabled simultaneous acquisition of images of high spatial and high temporal resolution. One of the representative advanced protocols is a 3D fat-suppressed gradient-recalled echo technique with volumetric interpolation,ˆrst described by Rofsky and associates. 19 The 3D VIBE sequence has enabled evaluation of the distribution and morphological characteristics of breast tumors using near-isotropic MPRs. 11, 13, 20 In the present study, the morphological characteristics based on the BI-RADS } -MRI descriptors and semidynamic information using the 3-timepoint technique with the VIBE sequence were assessed for diŠerentiating benign and malignant focal breast masses. Among the morphological parameters, mass margin was found the most useful for diŠerentiating benign and malignant lesions. [9] [10] [11] [15] [16] [17] [18] Irregular borders and spiculated margins were the features primarily associated with breast carcinoma at ultrasound as well. 21 However, because it is di‹cult to entirely diŠerentiate mass margin from mass shape, 22 we assessed the morphological parameters on the basis of both lesion margin and shape. Because smooth or lobulated margin on MR images has been reported to be highly predictive of benignity, 15 smooth margin and lobulated margin were included in the same group in our interpretation method. Ultimately, 2 lesions with smooth margins were classiˆed into the irregular shape W margin group because of irregular shape, one aˆbroadenoma and the other an invasive lobular carcinoma. Our categorization of the lesion shape W margin was intended to minimize malignant lesions in the smooth margin group.
In our study, the most frequent morphological nding among the malignant lesions was heterogeneous internal enhancement (in the delayed phase, 96z; in the early phase, 90z). Wedegartner and colleagues 23 also reported that the most reliable morphologicalˆnding suggestive of breast carcinoma was irregular contour and heterogeneous enhancement. In interpreting images of high spatial resolution, combined assessment of the lesion conˆguration, kinetic pattern, and internal heterogeneity is considered useful for the diŠerential diagnosis of breast masses because the morphological appearance on MR images depends on the spatial resolution.
In contrast, the features with the highest positive predictive value for carcinoma were spiculated margin (100z), delayed central enhancement (100z), enhancing internal septations in the delayed phase (97z), and irregular shape (97z). Contrary to the results reported by Liberman's group, 18 rim enhancement was not a strong indicator of malignancy, whereas central enhancement and the presence of enhancing internal septations in the delayed phase were useful indicators of malignancy in our study. This discrepancy may be related to the diŠerence in mean size of the lesions between the 2 studies. The mean diameter of the malignant lesions (23 mm) in our study was greater than that (5 mm) reported in Liberman's. 18 Central enhancement and the presence of enhancing internal septations could also depend on lesion diameter because these signs are assessed within the tumor in contrast to rim enhancement, which is assessed at the peripheral or marginal region of the lesion.
Numerous studies have reported theˆnding of rim enhancement suggestive of malignancy. 3, [14] [15] [16] [17] [18] Buadu and associates 24 reported diŠerent patterns of rim enhancement and concluded that early enhancement of the rim with progression to the center was fairly speciˆc for carcinomas. However, almost 30z of the benign lesions reported by Wedegartner's group 23 exhibited positive rim enhancement. Also in our study, early rim enhancement was found in 33z of benign lesions and 55z of malignant lesions, whereas delayed rim enhancement was observed in 29z of benign lesions and 74z of malignant lesions. Thus, we found that delayed rim enhancement to be a highly frequent morphologicalˆnding among breast carcinomas (Pº0.001), although it was not found to have a high positive predictive value (88z; 93W 106).
Regarding kinetic pattern, visual assessment of washout using the 3-timepoint technique wasˆrst reported by Kinkel and colleagues. 9 The positive predictive value of the visually assessed washout pattern in high spatial resolution sequences was reported in a previous study to be 91z (29 W 32). 9 In the present study, the positive predictive value of the washout pattern for the diagnosis of malignancy was 93z (81 W 87). In addition, Kuhl's group 7 reported the usefulness of evaluating the shape of the intensity curve of the time signal for the diŠerential diagnosis of breast lesions; the positive predictive value of a washout curve was reported to be 87z (58 W 67). However, Liberman's group 18 reported that a visually assessed washout pattern was not a signiˆcant predictor of breast carcinoma (33z; 8W 24). The apparently higher positive predictive value of the washout pattern for malignancy in our study may be attributable to two major factors: (1) diŠerence in the mean size of the lesions and (2) diŠerences in the protocols employed for dynamic scanning between the 2 studies. We visually assessed the kinetic characteristics of the tumor by comparing the signal intensity on dynamic scans obtained during theˆrst and third phases. The scans of the third phase were acquired at 4 min after the start of intravenous administration of the contrast material. It is possible that 4 min could be a reasonable timepoint for stating if a malignant washout is present or not, excluding a benign washout.
Theˆnal goal of this study was the development of an interpretation model on the basis of a combination of the morphologic characteristics of the lesions and kinetic information (Fig. 1) . In terms of internal enhancement and kinetic patterns, the features most suggestive of a benign lesion are persistent pattern and homogeneous enhancement, determined according to the scoring system proposed by Fischer (persistent, 0 points; homogeneous enhancement, 0 points). 25 Therefore, among the lesions showing an irregular shape W margin, downstaging was performed using a combination of homogeneous internal enhancement in the delayed phase and persistent pattern. Finally, the sensitivity, speciˆcity, and positive and negative predictive values of these features for the diagnosis of malignancy were 99z, 89z, 96z, and 98z, respectively.
Recently, several studies have reported diagnostic criteria using a combination of morphologic and kinetic characteristics. [9] [10] [11] An interpretation model using such a combination wasˆrst reported by Kinkel and colleagues, 9 in which lesions with smooth margin were classiˆed as benign and lesions with spiculated margin were classiˆed as malignant; lesions with lobulated or irregular margins were diŠerentiated only on the basis of washout information. The most important diŠerence between our interpretation model and that proposed by Kinkel is the order in which the lesion shape W margin and the washout pattern were assessed. Another diŠer-ence is that internal heterogeneity is evaluated in our diagnostic criteria. From comparing these interpretation models, it may be suggested that the diŠerences in characteristics between benign and malignant lesions may depend on not only the margin characteristics and kinetic information, but also the internal heterogeneity as assessed using high spatial resolution images.
Using our proposed interpretation model, we found one false-negative lesion. This case was eventually diagnosed as a mucinous carcinoma and exhibited a very high signal intensity and no internal septations on T2-weighted images. MR imaginĝ ndings for mucinous carcinomas include persistent dynamic curves and very high signal intensity on T2-weighted images compared withˆndings for other histological types of invasive ductal carcinoma. 26 However, because most lesions with high signal intensity on T2-weighted images are benign, theˆnding of hyperintensity was treated as a benign sign according to the scoring system proposed by Fischer (hyperintensity in T2; -3 points). 27 In contrast, a mass with lobulated margin, internal septations, and very high signal intensity on T2-weighted images may re‰ect the intrinsic growth pattern ofˆbroadenomas. 28 Thus, during categorization using data from dynamic contrastenhanced MR imaging, it must be pointed out that despite apparent benign characteristics, a strongly hyperintense lesion on T2-weighted images may represent a mucinous carcinoma.
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To our knowledge, this is theˆrst report of an interpretation model based on the results of the positive and negative predictive values of the BI-RADS } -MR descriptors. However, our study had several limitations. First, only a relatively small group of 45 histologically proved benign lesions was evaluated. Second, interobserver variability was not evaluated in this study. Kinkel and associates 9 reported that intra-and interobserver variability ranges from moderate to fair in evaluation of internal enhancement of lesions. The evaluation of this intra-and interobserver agreement is crucial in the preparation of an interpretation model. Therefore, further investigations and evaluations are needed to reˆne our interpretation model.
Conclusion
In conclusion, a combination of morphologic criteria, particularly lesion shape W margin and internal heterogeneity, and kinetic information is useful for diŠerentiating benign and malignant lesions. The characteristics with the highest diagnostic accuracy for malignancy were spiculated margin (100z) and heterogeneous enhancement following washout in the group with smooth shape W margins (100z). In the group having irregular shape W margins, unnecessary biopsy may be avoided for lesions showing homogeneous internal enhancement and persistent pattern.
